In studies of cognitive processing using tasks with externally directed attention, regions showing increased (external-task-positive) and decreased or "negative" [default-mode network (DMN)] fMRI responses during task performance are dynamically responsive to increasing task difficulty. Responsiveness (modulation of fMRI signal by increasing load) has been linked directly to successful cognitive task performance in external-task-positive regions but not in DMN regions. To investigate whether a responsive DMN is required for successful cognitive performance, we compared healthy human subjects (n ϭ 23) with individuals shown to have decreased DMN engagement (chronic pain patients, n ϭ 28). Subjects performed a multilevel working-memory task (N-back) during fMRI. If a responsive DMN is required for successful performance, patients having reduced DMN responsiveness should show worsened performance; if performance is not reduced, their brains should show compensatory activation in external-task-positive regions or elsewhere. All subjects showed decreased accuracy and increased reaction times with increasing task level, with no significant group differences on either measure at any level. Patients had significantly reduced negative fMRI response (deactivation) of DMN regions (posterior cingulate/precuneus, medial prefrontal cortex). Controls showed expected modulation of DMN deactivation with increasing task difficulty. Patients showed significantly reduced modulation of DMN deactivation by task difficulty, despite their successful task performance. We found no evidence of compensatory neural recruitment in external-task-positive regions or elsewhere. Individual responsiveness of the external-task-positive ventrolateral prefrontal cortex, but not of DMN regions, correlated with task accuracy. These findings suggest that a responsive DMN may not be required for successful cognitive performance; a responsive external-task-positive network may be sufficient.
Introduction
fMRI studies of cognitive processing in healthy subjects reveal two main sets of regions with opposite neural recruitment during performance of tasks requiring externally directed attention ("external tasks"), such as working memory (Fox et al., 2005; Fransson, 2005) . Regions that are "external-task-positive" show increased fMRI activity and include lateral prefrontal, midcingulate, and posterior parietal cortical areas.
Regions of the so-called default mode network (DMN), including the posterior cingulate (PCC), precuneus, medial prefrontal (MPFC), and temporal cortical areas, show decreased fMRI response (i.e., negative fMRI signal or "deactivation") during task performance. DMN regions are active at rest and commonly during cognitive processes requiring internally directed attention, such as episodic memory, self-generated thought, mind wandering, rumination, or reflection Christoff et al., 2009; Kross et al., 2009; Andrews-Hanna et al., 2010b; Kucyi et al., 2013) .
When task difficulty varies (e.g., in a multilevel working memory task), more activation is observed typically in externaltask-positive regions with increasing task difficulty Tomasi et al., 2007) . This modulation of fMRI activity by task load (i.e., responsiveness to increasing task load) in externaltask-positive regions has been linked directly to task performance, so that those subjects with more responsive externaltask-positive regions to increasing task load had more accurate performance at the most difficult level of the task (Nagel et al., 2009 (Nagel et al., , 2011 Burzynska et al., 2011) .
With increasing task difficulty, the DMN typically shows more pronounced deactivation McKiernan et al., 2003; Todd et al., 2005; Mayer et al., 2010) , interpreted to reflect a necessary reallocation of limited cognitive resources toward external-task-positive processes McKiernan et al., 2006; Mayer et al., 2010) . It has been suggested that the DMN is not just deactivated during external tasks but that the modulation of deactivation by task load in the DMN (i.e., responsiveness to increasing task load) facilitates successful cognitive performance (Sambataro et al., 2010; Anticevic et al., 2012a; Metzak et al., 2012) . However, whereas the responsiveness of external-taskpositive regions to increasing task load has been linked directly to successful cognitive task performance, it has not been established whether the responsiveness of DMN to increasing task load is required for the ability to successfully perform the task.
To investigate whether a responsive DMN is required for successful working memory performance, we compared healthy controls who show typical recruitment and responsiveness (modulation by task load) of cognitive networks with individuals shown to have decreased DMN deactivation, i.e., chronic pain patients (Baliki et al., 2008; Seminowicz et al., 2011; WeissmanFogel et al., 2011) . Groups performed a multilevel working memory task (N-back) while undergoing fMRI. We compared task-related recruitment of external-task-positive regions and the DMN, and their modulation by cognitive load.
We reasoned that, if a responsive DMN is required for successful task performance, one of the following conditions would be met, given comparable intellectual capacity and education level across groups: (1) pain patients perform worse and show less deactivation and less modulation by increasing cognitive load (i.e., responsiveness) of the DMN; (2) groups have similar task performance together with similar deactivation and responsiveness of the DMN; or (3) groups have similar task performance with patients showing impaired deactivation and responsiveness of the DMN, with compensatory recruitment of external-taskpositive regions to maintain performance (Fig. 1) . Alternatively, we would conclude that a responsive DMN is not required for successful working memory performance.
Materials and Methods

Subjects
In this study, we compared 28 female chronic pain patients diagnosed with fibromyalgia (mean age Ϯ SD, 48.7 Ϯ 7.8 years; range, 29 -60 years) and 28 individually age-matched (Ϯ3 years) healthy females (48.8 Ϯ 7.7 years; range, 30 -63 years; p ϭ 0.973). The data reported here are part of a larger study. Previously, we reported detailed patient characteristics, as well as anatomical, resting-state functional, and diffusion-weighted MRI results (Ceko et al., 2013) . Here we report results of an fMRI working memory task (N-back). As reported previously, the groups were matched on years of education, individual annual income, level of physical activity, and menopausal status (for detail, see Ceko et al., 2013) . Furthermore, the groups did not differ in terms of estimated intellectual capacity [Wechsler Test of Adult Reading (Pearson Clinical Assessment) scores Ϯ SD in controls, 43 Ϯ 5 and patients, 41 Ϯ 6; p ϭ 0.166], and there was no indication of malingering in any of the subjects [all subjects passed the Word Memory Test for performance validity (Green et al., 1999) ]. Exclusion criteria for all subjects included smoking, use of recreational drugs, use of opioid medication, alcohol consumption of Ͼ10 United Kingdom units per week, pregnancy or breastfeeding, chronic pain conditions other than fibromyalgia, major medical, neurological, or current psychiatric conditions, including severe depression and generalized anxiety disorder, and MRI contraindications. All patients included in this study had a diagnosis of fibromyalgia and exclusion of other ( pain) Figure 1 . If a responsive DMN is required for successful cognitive performance, one of these conditions will be met. Given comparable intellectual capacity and education level in two groups patients will perform worse and show impaired deactivation and modulation of the DMN (1), groups will have comparable task performance together with comparable deactivation (i.e., negative fMRI signal) and modulation of the negative fMRI signal in the DMN (2), or groups will have comparable task performance with patients showing impaired deactivation and/or modulation of the DMN together with compensatory neural recruitment of task-positive regions to maintain equal performance (3). Alternatively, a responsive DMN is assumed not to be required for successful cognitive performance.
disorders confirmed by an experienced rheumatologist (M.-A.F.). Patients were on stable preventive or as per needed medication (NSAIDs, n ϭ 24; low-dose antidepressants, n ϭ 13; muscle relaxants, n ϭ 5; anticonvulsants, n ϭ 7; triptans, n ϭ 2; cannabinoids, n ϭ 1). All procedures were approved by the McGill University Institutional Review Board, and written informed consent was obtained from all subjects according to the Declaration of Helsinki.
MRI session
MRI acquisition. FMRI data were not obtained in five healthy subjects (in two subjects, the MRI session was not completed because of time constraints, the MRIs of two subjects had artifacts, and one subject declined participation). In total, 23 healthy subjects and 28 pain patients completed a 10 min anatomical MRI scan (resolution, 1 ϫ 1 ϫ 1 mm; scan details reported by Ceko et al., 2013) and an 8 min fMRI scan during which they performed the widely used N-back working memory task. Throughout the session, subjects wore earplugs and their heads were immobilized. Brain images were acquired using a 3 tesla Siemens TIMTrio scanner (Siemens) with a standard 12 channel head coil. fMRI data were acquired using a blood oxygenation level-dependent (BOLD) protocol with a T2*-weighted gradient echo planar imaging (EPI) sequence (TR, 2260 ms; TE, 30 ms; flip angle, 90°; resolution, 3.5 ϫ 3.5 ϫ 3.5 mm; field of view, 224 mm). Axial slices were oriented 30°from the line between the anterior and posterior commissures, covering the entire brain and excluding the eyes. After discarding the first three volumes to allow for steady-state magnetization, 230 volumes were acquired.
Cognitive task. During the fMRI, the working memory N-back task with three levels of difficulty and a control condition were administered. In the control condition [0-back (0b)], subjects were required to press a button whenever the letter X appeared. Thus, this condition had attentional demand but no working memory demand (i.e., minimal cognitive load). During the 1-back (1b), 2-back (2b), and 3-back (3b) conditions, subjects were instructed to press the button with their right hand if the currently presented letter was the same as the one presented one, two, or three trials back, respectively. Thus, the cognitive load increased with each task condition. In total, four conditions (0b, 1b, 2b, 3b) were presented in 12 pseudorandomized 25 s blocks (three repeats for each condition, all subjects received the same sequence), with three target letters (X for 0b, other consonants for the other conditions) per block in a pseudorandom order. Blocks were separated by 14 s of fixation period (black crosshair on a white background). Each block was preceded by a 3 s announce period. Each stimulus (letter) was presented for 2 s, with an interstimulus interval of 0.5 s. The reaction times and response accuracy were recorded online. Subjects were familiarized with the N-back task before entering the scanner. Most subjects (21 of 23 controls and 27 of 28 patients) were right-handed [as confirmed by the Edinburgh Handedness Inventory (Oldfield, 1971) ]. Left-handed subjects did not have slower reaction times (Ͼ1 SD of group mean) than the right-handed subjects on any task level. Current pain. To assess possible interference of ongoing pain with cognitive performance and fMRI findings, the intensity of current pain during the fMRI was assessed immediately after the fMRI scan on an 11 point numerical pain intensity rating scale from 0 to 10 (0, no pain; 1, pain threshold; 10, worst bearable pain).
Behavioral data analysis
All data are expressed as means Ϯ SDs, unless not normally distributed, in which case they are presented as medians and interquartile range (IQR; 25-75%). Outcome measures were compared between groups in SPSS version 21 (IBM) using repeated-measures (RM) ANOVA or independent samples two-tailed t tests or nonparametric tests in case of nonnormally distributed data, and a significance level of p Ͻ 0.05 was used in all analyses. Correlations between behavioral measures and fMRI data were investigated using Pearson's correlations or Spearman's correlations for non-normally distributed data.
MRI data preprocessing and analysis
General linear model analysis of N-back fMRI data. Cognitive task fMRI data were preprocessed and analyzed in AFNI (Automated Functional Neuro-Imaging; http://afni.nimh.nih.gov). Briefly, preprocessing included slice time correction, six parameter (three translations and three rotations) rigid-body correction for head motion, coregistration to the T1-weighted anatomical image, and spatial normalization to MNI space using a 12 parameter affine registration, followed by smoothing with an 8 mm Gaussian kernel. To test whether there were any group differences in overall head motion that might affect the fMRI analysis, we compared mean total motion [defined as the square root of the sum of squares of the six motion parameters in healthy controls (0.098 Ϯ 0.03 mm) and pain patients (0.110 Ϯ 0.05 mm)]. There was no significant group difference in head motion ( p ϭ 0.33). Groups also did not differ significantly in the amount of excessive head motion (defined as mean total motion being above an AFNI default value of 0.3 mm) with an average of 5.1% of the time series in healthy controls and 8.6% in pain patients ( p ϭ 0.23). Periods (TRs) of excessive motion were excluded from the analysis.
The N-back stimuli blocks were modeled at the subject level using AFNI 3dDeconvolve regression with the time courses of the six motion parameters included as regressors of no interest. A mixed-effects general linear model (GLM) including estimated within-subject variability (AFNI 3dMEMA) was used for group comparisons (two-sample t tests) of N-back contrast maps (1b Ϫ 0b, 2b Ϫ 0b, 3b Ϫ 0b). Results were considered significant at a voxelwise threshold of p Ͻ 0.01 and were cluster corrected for multiple comparisons ( p Ͻ 0.05) using Monte Carlo simulation (AFNI 3dClustSim) across an independently defined mask of external-task-positive and DMN brain regions. This brain mask comprised regions implicated in fMRI studies of "working memory" (734 studies) and "default mode" (355 studies) as defined using the meta-analytical software Neurosynth (Yarkoni et al., 2011; http://neurosynth.org) .
Modulation by load in DMN regions: ROI analysis. In the two regions showing the highest deactivation (most pronounced negative fMRI response) during task across subjects [i.e., the core regions of the DMN (Mayer et al., 2010)] and showing significant group differences (PCC/ precuneus and MPFC), we extracted the fMRI signal in each cluster for each task level and investigated group differences in modulation of fMRI activity by cognitive load (i.e., responsiveness to increasing task difficulty) using an RM-ANOVA in SPSS version 21 (IBM).
Modulation by load in the DMN: multivariate network analysis with partial least squares. Although the PCC/precuneus and MPFC are the core regions of the DMN (Mayer et al., 2010) , there are other regions considered to comprise the whole DMN network. Therefore, we performed an additional network analysis of the DMN to investigate the modulation by cognitive load at the network level. We applied the multivariate task partial least squares (PLS) analysis (McIntosh and Lobaugh, 2004; Seminowicz and Davis, 2007) on the preprocessed fMRI data in the DMN mask to assess functionally coactivated patterns of brain activity related to the four task levels (0b, 1b, 2b, 3b, i.e., increasing cognitive load) and to assess groups differences.
PLS detects brain networks showing covariance of BOLD activity with experimental conditions to identify a new set of variables that optimally relate the two ["latent variables" (LVs)]. The PLS analysis is data driven, because contrasts between task levels and groups are not specified in advance. The LVs are ordered by the amount of covariance they explain (similar to a principal component analysis), and the number of latent structures is constrained by the number of experimental conditions (i.e., 4 task levels ϫ 2 groups). Each LV contains a functional map of brain regions that, as a whole, show the strongest relation to the experimental condition. Brain voxels comprising an LV each have a weight (salience) that is proportional to the covariance of BOLD activity with experimental conditions. The "design scores" indicate how strongly and in which direction a given functional map covaries with a certain experimental condition and can be positively or negatively related to the spatial covariance map.
The grand mean deviation PLS method was used (over all subjects and conditions). Data were averaged within and across blocks of the same condition within each subject, so that one data point is used for each condition for each subject. Two statistical tests were performed in PLS. First, the significance of each LV was determined by permutation testing with 500 permutations, yielding a p value for each LV. Second, statistical reliability of task effects was determined by calculating SEs of the saliences for each voxel using bootstrap resampling with 1000 iterations, which provided confidence intervals for the LVs, as well as the bootstrap ratio for each voxel [the ratio of the observed saliences to the bootstrapped SE; approximately equivalent to a z score and thresholded at 2.3 (ϳp Ͻ 0.01)].
Compensatory neural recruitment. Adopting methods used in previous studies in which increased activation during cognitive task performance was interpreted to be compensatory, we compared the following between groups: (1) fMRI activation during the task to detect areas with increased activation in patients compared with controls (Glass et al., 2011; Weissman-Fogel et al., 2011) in external-task-positive regions but also elsewhere in the brain (whole-brain gray matter analysis); and (2) the spatial extent of neural recruitment during the task [calculated as the total number of activated voxels above a threshold of t ϭ 2 for each subject for each task contrast of interest (1b Ϫ 0b, 2b Ϫ 0b, 3b Ϫ 0b) across the gray matter of the whole brain to detect more spatially widespread activation in patients compared with controls (Seminowicz et al., 2011)] .
Relationship between responsiveness to increasing task load and cognitive performance. Based on previous research directly linking the responsiveness of external-task-positive regions to increasing cognitive demand (i.e., modulation of fMRI activity by task load) with task performance (Nagel et al., 2009 (Nagel et al., , 2011 notably in frontal cortices, we investigated the correlation between task accuracy on the difficult task level (3b) and the responsiveness to increasing task load in external-task-positive ROI and in the DMN ROIs [in clusters of significant group differences, calculated as responsiveness (fMRI signal change fixation to 3b) Ϫ (fMRI signal change fixation to 0b), and capturing the entire slope from minimal to high cognitive load].
Meaning of a less responsive DMN in pain patients. For an alternative meaning of a less responsive DMN in patients, we investigated the relationship between responsiveness (modulation of fMRI activity by increasing task load) in DMN regions and pain coping. fMRI activity in DMN regions has been linked to rumination (Kross et al., 2009 ) and specifically to increased rumination and catastrophizing about pain in patients with chronic pain (Kucyi et al., 2014) , so we examined the relationship between patients' responsiveness to increasing task load in the DMN regions MPFC and PCC and their score on the pain catastrophizing scale (PCS; captures pain-related rumination, helplessness, and magnification; group results reported by Ceko et al., 2013) . We also examined the relationship between patients' DMN responsiveness and their current pain.
Results
Healthy subjects and pain patients performed comparably on the N-back task Both healthy subjects and pain patients performed the control (0b) and 1b tasks at 100% accuracy (median value), with comparable short reaction times (ϳ550 -660 ms).
As the task became more difficult, accuracy declined and reaction times increased in both groups, consistent with values reported in other studies (Harvey et al., 2005; Nagel et al., 2009; Mayer et al., 2010) . Additionally, there was no significant difference between healthy subjects and pain patients in performance or reaction time on the N-back task ( Fig. 2; Table 1 ). Therefore, because task performance was similar between groups (pain patients did not perform significantly worse), condition 1 (Fig. 1) was not met.
Despite similar task performance, pain patients showed less deactivation of DMN regions Both healthy subjects and pain patients showed deactivation in DMN regions during task performance [deactivation defined as less fMRI signal during working memory task (1b, 2b, or 3b) compared with the control task 0b]. However, despite similar performance on the task, patients had significantly less deactivation than healthy subjects in the PCC/precuneus and MPFC during the 2b (medium) condition (relative to the control condition 0b; Fig. 3A ; Table 2 ). There were no areas in which patients had more pronounced deactivation compared with controls. Similarly, in the 3b condition (difficult; highest task load), patients showed less deactivation of the PCC/precuneus, with no areas exhibiting more pronounced deactivation in patients compared with controls. In additional analyses and to ensure that patients did not have altered activation during the control task (0b), we also compared 0b-fixation between groups (no group differences) and each level (1b, 2b, 3b) with fixation (results consistent with comparisons with 0b). We also examined the shape of the distribution of the task performance (accuracy) across the study sample, and although we could not identify a bimodal distribution on either 2b or 3b, we performed an additional median split analysis to compare the amount of deactivation between "low" and "high" performers and found no significant differences (deactivation low vs high, on 2b: PCC, p ϭ 0.746; MPFC, p ϭ 0.220; on 3b: PCC, p ϭ 0.886). We also compared "extremely low" and "extremely high" performers by removing the values around the median and found no significant differences (deactivation extremely low vs extremely high, on 2b: PCC, p ϭ 0.699; MPFC, p ϭ 0.399; on 3b: PCC, p ϭ 0.872). Figure 3 . DMN deactivation at different task levels and DMN responsiveness to increasing cognitive load. A, Healthy controls showed the usual pattern of deactivation (e.g., negative fMRI response; blue statistical t map) in DMN regions during each level of the N-back task compared with the control condition (0b) with minimal cognitive load [easy (1b Ϫ 0b), medium (2b Ϫ 0b), hard (3b Ϫ 0b)]. In patients, the deactivation of DMN regions (green) was significantly reduced in the PCC/precuneus and MPFC at 2b Ϫ 0b and in the PCC/precuneus at 3b Ϫ 0b [pale blue, p Ͻ 0.05 cluster-corrected across an independently defined brain mask consisting of DMN regions (shown here in the inset) and task-positive regions (Fig. 4, inset) ]. Color bars are t values from 2 to 6. Bar graphs show the fMRI signal parameter estimates for controls (white) and patients (gray) in significant brain clusters (averaged across each cluster, for 2b Ϫ 0b contrast: PCC/precuneus cluster size, 6646 mm 3 ; MPFC cluster size, 3601 mm 3 ; for 3b Ϫ 0b contrast: PCC/precuneus cluster size, 5016 mm 3 ). Error bars are SEM. B, fMRI signal (scaled and averaged per task level per group, expressed in percentage change relative to fixation) plotted for each task level in the PCC/precuneus cluster (left) and MPFC cluster (right). Groups showed similar deactivation from fixation to 0b (control task, no working memory requirement) but then diverged during task levels with working-memory requirement, so that healthy controls showed increased deactivation in DMN regions with increasing task difficulty [between the control task 0b and the difficult task (3b); white circles], and this modulation 4 of the fMRI signal by increasing task load was attenuated significantly in patients (gray circles; group effects per RM-ANOVA on the fMRI signal in the PCC/precuneus: level, p Ͻ 0.001; group, p ϭ 0.004; group ϫ level, p ϭ 0.008; ANOVA on the fMRI signal in the MPFC: level, p Ͻ 0.001; group, p ϭ 0.037; group ϫ level, p ϭ 0.011). Error bars are SEM. C, fMRI signal [mean scaled at 100 (arbitrary value), averaged per group] during each level of the task for a representative region [PCC, the cluster that shows most pronounced group differences on the medium (2b Ϫ 0b) and difficult (3b Ϫ 0b) task level]. Please note the degree of deactivation (negative fMRI response) relative to preceding fixation fMRI response at each task level for controls (black line) and patients (red line). For simplicity, we marked the peak of activation (during fixation) and peak of deactivation (during task) for each respective level of the task to illustrate that groups show similar magnitude of deactivation in the control task 0b (no working memory load), but controls overall show increasingly more deactivation with increasing working memory load (task levels 1b, 2b, and 3b; right, black arrows), although this modulation by level is reduced in patients (right, red arrows; except on 3b, as also seen in B). Error bars are SEM. D, Network analysis (PLS) of the relationship between brain activity and task level. Modulation on network level of fMRI activity by cognitive load in the DMN is observed across both groups (left, p Ͻ 0.014) but is reduced significantly in patients compared with controls (right, p Ͻ 0.001). Design scores (arbitrary units) indicate how strongly and in which direction the DMN functional map covaries with increasing task difficulty (0b, 1b, 2b, and 3b) . Controls, White bars; patients, gray bars. fMRI signal in the MPFC: level, p Ͻ 0.001; group, p ϭ 0.037; group ϫ level, p ϭ 0.011; Fig. 3B , also see Fig. 3C in which we display the time course per task level in a representative cluster, the PCC). Modulation of deactivation by task level was significantly different from zero in controls (linear regression testing the null hypothesis that the slope is 0: t ϭ Ϫ3.349, p ϭ 0.001 for PCC; t ϭ Ϫ3.726, p Ͻ 0.001 for MPFC) but not in patients (linear regression, t ϭ Ϫ1.282, p ϭ 0.203 for PCC; t ϭ Ϫ1.868, p ϭ 0.064 for MPFC).
Network analysis of modulation by cognitive load
We further performed a PLS network analysis of the DMN to assess whether the independent regions PCC/precuneus and MPFC, typically assumed as core regions of the DMN because they often show similar behavior, indeed showed common behavior as part of a network. The PLS analysis revealed two significant LVs (components): (1) one LV ( p Ͻ 0.014 and explaining 24% of the variance) showing modulation of fMRI activity by cognitive load across the DMN (strongest in the PCC/precuneus and MPFC); and (2) the other LV ( p Ͻ 0.001 and explaining 59% of the variance) showing a significant reduction of DMN modulation by task load in patients (Fig. 3D) . This multivariate analysis thus adds to the univariate GLM findings in regions associated typically with the DMN, by showing impaired modulation by load in patients on a network level, including the contribution of several other areas, overall indicating that the DMN was functioning as a network rather than independent regions. Therefore, because pain patients had attenuated deactivation (negative fMRI response) and a decreased modulation of deactivation by increasing task load of the DMN, despite similar task performance, condition 2 ( Fig. 1) was not met.
Patients showed no compensatory recruitment of neural resources
We next investigated whether the pain patients showed increased recruitment of neural resources to suggest compensation for attenuated DMN deactivation, as reported previously in other groups of pain patients (Seminowicz et al., 2011; WeissmanFogel et al., 2011) . We first examined the responses of subjects in typical external-task-positive regions, including lateral prefrontal and superior parietal cortices (Fig. 4, inset) . Both healthy subjects and pain patients activated the external-task-positive regions on all task levels. No areas of the typical external-task-positive network showed increased activation in patients during the N-back task (Fig. 4A ) compared with controls. Contrary to having compensatory increases in external-task-positive activations, patients actually had less activation than controls in the ventrolateral prefrontal cortex (VLPFC) and the fusiform gyrus (Fig. 4 A, C) . In the fusiform gyrus activation decrease was related significantly to the amount of pain patients experienced during the scan (Table 2) .
We also performed a whole-brain analysis to determine whether patients had more widespread activation than healthy subjects outside the typical external-task-positive network. No areas showed increased activation in patients compared with controls during any level of the N-back task. Furthermore, as shown in Figure 4B , patients did not have more total activated voxels across the whole brain on any task level [at t ϭ 2 as used previously (Seminowicz et al., 2011) : 1b, p ϭ 0.821; 2b, p ϭ 0.873; 3b, p ϭ 0.165; and at a more liberal threshold of t ϭ 1.65: 1b, p ϭ 0.805; 2b, p ϭ 0.656; 3b, p ϭ 0.130; and a higher threshold of t ϭ 3: 1b, p ϭ 0.815; 2b, p ϭ 0.676; 3b, p ϭ 0.355]. To ensure that patients did not have increased or more widespread activation at the 0b level and this is why no (additional) compensation is seen, we additionally compared the contrast 0b to fixation between groups and the number of activated voxels in 1b, 2b, and 3b to fixation and found no group differences. Thus, despite robust overall external-task-related activation, we did not find any evidence for compensatory recruitment of neural resources in patients applying the same methods used in previous studies in which increased activation during cognitive task performance was interpreted to be compensatory. Therefore, because pain patients showed no compensatory recruitment of external-taskpositive regions to maintain equal task performance, condition 3 ( Fig. 1) was not met.
Relationship between responsiveness to task load and cognitive performance
Based on previous research directly linking the responsiveness (i.e., modulation by cognitive load) of several external-taskpositive regions (including VLPFC) to individual variability in cognitive performance (i.e., task accuracy on the most difficult level), we investigated this link in the external-task-positive cluster (VLPFC) and DMN clusters (PCC, MPFC), identified by main effect differences between groups.
Both groups showed significant responsiveness (modulation of fMRI activity by task level) in the VLPFC with no significant group difference, albeit of different shape (ANOVA on the fMRI signal: level, p Ͻ 0.001; group, p ϭ 0.421; level ϫ group, p ϭ 0.005). Across all subjects, responsiveness to increasing cognitive load in the VLPFC was correlated positively with task performance ( ϭ 0.446, p ϭ 0.001; Fig. 5A ).
In the PCC and in the MPFC, the responsiveness to increasing task load was not related to task accuracy [PCC/MPFC (signal averaged across the two clusters) ϭ Ϫ0.015, p ϭ 0.940; Fig. 5B ; similar results separately for PCC, ϭ 0.084, p ϭ 0.560; MPFC, ϭ Ϫ0.083, p ϭ 0.564]. Because patients showed significantly reduced responsiveness compared with controls, we also investigated the relationship with accuracy in each group separately: PCC/MPFC in controls, ϭ 0.032, p ϭ 0.886; in patients, ϭ 0.043, p ϭ 0.827. Therefore, although we replicated previous reports of a significant positive relationship between responsiveness of an external-task-positive region (VLPFC) and cognitive performance, we did not observe a relationship between the responsiveness of DMN regions (PCC, MPFC) and cognitive performance.
In an additional exploratory analysis, we also investigated the overall relationship between the spatial extent of fMRI activations (total number of voxels above t ϭ 2) during task levels of interest (2b, 3b) and task performance (accuracy). Across subjects, we observed a significant correlation between the number of activated voxels during task and task accuracy (2b, ϭ 0.401, p ϭ 0.004; 3b: ϭ 0.339, p ϭ 0.015). The total number of deactivated voxels showed no significant correlation with task accuracy on either task level (across subjects: 2b, p ϭ 0.591; 3b, p ϭ 0.437; also investigated for each groups separately because groups differed in the number of deactivated voxels, controls: 2b, p ϭ 0.810; 3b, p ϭ 0.573; patients: 2b, p ϭ 0.389; 3b, p ϭ 0.799).
Meaning of a less responsive DMN in pain patients
If the DMN is not linked directly to cognitive performance, why do DMN regions in patients show less responsiveness to increasing cognitive demand in a working memory task? DMN has been implicated in ruminative thinking, including rumination and catastrophizing about pain (Kross et al., 2009; Kucyi et al., 2014) . Therefore, we examined the relationship between patients' altered responsiveness to increasing task load in the DMN regions MPFC and PCC and their score on the PCS, as well as their level of current pain. Responsiveness of the MPFC to task load was related positively to PCS scores, so that patients with a less responsive MPFC showed higher pain catastrophizing (r ϭ 0.391, p ϭ 0.044; Fig. 6 ). The correlation was not significant for the PCC (r ϭ 0.088, p ϭ 0.654). Responsiveness of the DMN regions was not significantly related to patients' current pain (MPFC, ϭ 0.018, p ϭ 0.929; PCC, ϭ Ϫ0.278, p ϭ 0.151).
Discussion
Here we show that a fully responsive DMN may not be required for successful cognitive performance. During a multilevel N-back working memory task, despite comparable task performance on each task level, patients showed less deactivation and reduced modulation (responsiveness) of fMRI activity by task load in the (Fig. 3, inset) ]. Color bars are t values from 2 to 6. Bar graphs show the fMRI signal parameter estimates in significant clusters for controls (white) and patients (gray). Error bars are SEM. B, Spatial distribution of fMRI activity. Patients and controls had comparable spatial distribution of activation on each N-back level. Bar graphs show the total number of activated voxels across the whole brain in controls (white) and patients (gray), thresholded at t Ͼ 2. Error bars are SEM. C, fMRI signal [mean scaled at 100 (arbitrary value), averaged per group] during each level of the task for the VLPFC to illustrate that both groups show robust activation of the VLPFC on the 2b and 3b, although this activation is dampened in patients (red line) compared with controls (black line). Error bars are SEM.
DMN, without any observable compensatory recruitment of neural resources.
Attenuated responsiveness of the DMN to increasing cognitive demand in pain patients
Across all N-back levels, patients displayed similar task performance (accuracy) as controls and similar reaction times, indicating similar decision time. Despite successful performance, patients had less deactivation (negative fMRI response) of DMN regions, as reported previously in chronic pain patients (Baliki et al., 2008; Seminowicz et al., 2011; Weissman-Fogel et al., 2011) . We extend previous findings by showing that DMN regions also were significantly less responsive (i.e., had less modulation of the negative fMRI response with increasing task load), as well as showing that DMN acted as a network rather than individual regions. The responsiveness of DMN regions to increasing task load was not correlated with task performance in patients or controls. Typically in paradigms with varying task difficulty, load-dependent modulation (responsiveness) of deactivation is observed in DMN regions McKiernan et al., 2003; Todd et al., 2005; Mayer et al., 2010) , as we also show here in controls. This responsiveness to increasing cognitive demand has been interpreted as the necessary reallocation of finite cognitive resources to external-task-positive processes needed for cognitive performance (Sambataro et al., 2010; Anticevic et al., 2012a; Metzak et al., 2012) . Increased cognitive demand is suggested to be reflected in increased neural processing in externaltask-positive regions involved in working memory and attention Tomasi et al., 2007; Rottschy et al., 2012) and correspondingly in an increased reallocation of cognitive resources toward external-task-positive processes. Thus, it has been suggested that modulation of deactivation (responsiveness) to increasing task load in the DMN is functionally significant, because it facilitates successful cognitive performance (Kim et al., 2010; Anticevic et al., 2012a) . Our results suggest that successful cognitive performance can be achieved despite reduced modulation (responsiveness) of the DMN to increasing cognitive demand. Nevertheless, our patients did show a small amount of DMN modulation. It is possible that there is a threshold amount of DMN deactivation or modulation that is necessary and sufficient to maintain task performance (Esterman et al., 2013 (Esterman et al., , 2014 , with our patients having reached that threshold. Another less functional population (e.g., dementia) might not reach that threshold for DMN modulation, with resulting poor performance.
The significance of responsive external-task-positive activations for successful working memory functioning In the external-task-positive VLPFC, the responsiveness of fMRI activity to increasing cognitive load was related directly to task performance, such that those individuals with the most responsive VLPFC to increasing cognitive load had the highest accuracy on the most difficult level of the N-back task. This finding replicates previous reports directly linking working memory performance to neural responsiveness in several external-task-positive regions, including the VLPFC (Nagel et al., 2009 (Nagel et al., , 2011 Burzynska et al., 2011) , supporting the notion that the responsiveness of external-task-positive activations to increasing task demand is needed for successful cognitive functioning. The VLPFC might be particularly important in this context, because it shows load dependence across working memory studies (Rottschy et al., 2012) . Studies have also shown that individual variability in the amount of activation of external-task-positive regions is related to successful task performance (Rypma et al., 2007; Yarkoni et al., 2009; Gess et al., 2014; Rao et al., 2014) . Responsivness to task load Figure 5 . Relationship between responsiveness of external-task-positive and DMN regions to cognitive load and task performance. A, Responsiveness to increasing cognitive load in the VLPFC is across subjects significantly correlated with task accuracy on 3b. Controls, White circles; patients, gray circles; regression line is across all subjects. B, Responsiveness to increasing cognitive load in the PCC/precuneus and MPFC (values averaged across the two ROIs) is across subjects not significantly correlated with task accuracy on 3b. Responsiveness is calculated as (fMRI signal change from fixation to 3b) Ϫ (fMRI signal change from fixation to 0b) to capture the entire slope from minimal to high cognitive load. Controls, White circles; patients, gray circles; regression line is across all subjects. Responsiveness to increasing cognitive load in the MPFC is in patients significantly correlated with their score on the PCS. Responsiveness is calculated as (fMRI signal change fixation to 3b) Ϫ (fMRI signal change fixation to 0b) to capture the entire slope from minimal to high cognitive load. Patients, Gray circles; regression line across patients.
serve no significant relationship between the two in the current study. Moreover, the evidence linking individual variability in the amount of deactivation in DMN regions during a cognitive task to successful cognitive performance is mixed. Although a relationship between impaired deactivation of the core DMN regions and impaired working memory performance has been reported, especially in schizophrenia and in aging (Whitfield-Gabrieli et al., 2009) , several recent studies in healthy individuals reported no significant relationship between DMN regional deactivation and task performance during memory and attention tasks (Gess et al., 2014; Rao et al., 2014) . The amount of deactivation in the PCC and the temporoparietal junction during memory encoding has been linked to successful subsequent memory retrieval (Daselaar et al., 2004; Anticevic et al., 2010 Anticevic et al., , 2012a . Decreased activation in DMN regions, most notably the PCC/precuneus, during memory encoding could support the relative increase (vs encoding period) in activation sometimes observed in these regions during subsequent memory performance and during (episodic) memory retrieval (Andrews-Hanna et al., 2010a; Spreng et al., 2010; Anticevic et al., 2012b) . Therefore, increased deactivation in the DMN could play a role in successful encoding of items into memory for later retrieval, more so than in "executive" working memory processes during tasks such as the N-back in which cognitive resources possibly undergo continuous reallocation.
Attenuated deactivation and compensatory neural recruitment
Similar to our results, less deactivation in DMN regions during a cognitive task has been observed in a number of disorders, including chronic pain, despite patients showing similar task performance as controls. Typically, however, these studies show activation patterns in patients that have been interpreted as compensatory neural recruitment to maintain equal performance. In chronic pain patients performing cognitive tasks of similar difficulty to the task used here, more activation of external-taskpositive regions (Weissman-Fogel et al., 2011) or a larger number of activated voxels across the brain (Seminowicz et al., 2011) were interpreted as compensation for attenuated deactivation in DMN regions. These mechanisms are not consistent across pain studies but have together with increased activations in external-taskpositive regions observed in other disorders and in aging (Harvey et al., 2005; Sambataro et al., 2010; Metzak et al., 2012) provided evidence for compensatory recruitment of cortical resources. We found no evidence for compensation using the same methods. Because we tested for the presence of compensation in a relatively large sample [28 patients compared with 18 patients (Seminowicz et al., 2011) and 17 patients (Weissman-Fogel et al., 2011)] , it is unlikely that we did not have the sensitivity to detect group differences. Because we found no compensatory measures to counter the alterations observed in the DMN applying methods used in previous studies, our findings suggest that a responsive DMN may not be required for successful cognitive performance.
What is the significance of reduced DMN responsiveness?
If decreased responsiveness of DMN regions to increasing task demand does not negatively affect cognitive performance, what is the significance of this reduced responsiveness in patients? We observed a positive relationship between reduced MPFC responsiveness and pain catastrophizing, suggesting that, in patients, the DMN could, during the cognitive task, be partly engaged in excessive thinking about pain, manifesting as decreased loaddependent modulation of deactivation. Self-referential thinking and mind wandering has been linked to DMN activity (Kross et al., 2009; Kucyi et al., 2013) . Thus, rumination about pain in patients with high pain catastrophizing scores might serve as a "mind wandering-like" distraction from the task and result in some residual DMN activation with a net effect of attenuated DMN deactivation. Indeed, pain catastrophizing and rumination have been linked to DMN activity, including in the MPFC, in chronic pain patients (Kucyi et al., 2014) . Thus, our findings support the role of DMN in some forms of self-related processing. Pain patients with fibromyalgia often experience significant subjective cognitive difficulties ("fibrofog"). Although this study was not able to explore the relationship between fibrofog and diminished DMN responsiveness, this could be investigated in a future study.
Alternative explanations and study limitations
An alternative explanation for the observed fMRI findings could be that the patients' brain activity during the task was dampened and less responsive overall. For regions showing increased activation during the task, this is unlikely, because patients showed robust activation (similar to controls) across the external-taskpositive network (albeit reduced on 3b), as well as modulation of neural activity by cognitive load. Nevertheless, decreased activation on the 3b might potentially account for decreased deactivation (i.e., generally dampened response on the highest task level), which might serve to partially preserve the balance between the external-task-positive network and DMN. We did not observe a significant group difference using a proxy measure of balance between networks (calculated as the ratio of VLPFC activation/ deactivation in either PCC or MPFC, p Ͼ 0.2 on each task level), suggesting that a preserved balance between cognitive networks, which is likely relevant for cognitive processing (Kelly et al., 2008) , might aid task performance in patients.
It could be that the manipulation of task difficulty was not strong enough to modulate DMN deactivations . However, this is unlikely in our study, because we did observe a significant modulation by load in controls in both external-task-positive and DMN regions.
Because we tested only females in this study, this could preclude a generalization of our findings to males. However, recent work has shown that females and males have similar task performance and task-related brain activity during the N-back task (Schmidt et al., 2009) , and, in fact, it has been observed that intra-gender differences are larger than inter-gender differences across several cognitive domains (Hyde, 2005) .
Finally, use of medications such as anticonvulsants could have in several patients contributed to decreased recruitment and possibly also decreased responsiveness of brain regions during the cognitive task (Beltramini et al., 2015) .
Conclusion
Our study extends previous findings in chronic pain patients by showing not only altered deactivation in DMN regions but also reduced modulation of deactivations (responsiveness) to increasing task load in the DMN. Nevertheless, patients maintained similar task performance as controls and this apparently without any compensatory neural recruitment. We observed a positive correlation between the responsiveness of the external-task-positive VLPFC and task performance but no relationship between the responsiveness of DMN regions and task performance. Thus, although we provide additional support for the importance of responsive external-task-positive regions for cognitive functioning, we conclude that the responsiveness of the DMN to increasing
